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CLOSED-LOOP ADAPTIVE ADJUSTMENT 
0F PACING THERAPY BASED 0N 

CARDIOGENIC IMPEDANCE SIGNALS 
DETEC TED BY AN IMPLANTABLE 

MEDICAL DEVICE 

RELATED APPLICATIONS 

This application is related to U.S. Provisional Patent Appli 
cation No. 60/787,884 of Wong et al., entitled, “Tissue Char 
acterization Using Intracardiac Impedances With an Implant 
able Lead System,” ñled Mar. 31, 2006 and is also related to 
U.S. patent application Ser. No. 11/558,101, ñled Nov. 9, 
2006, Ser. No. 11/557,851, ñled Nov. 8, 2006, Ser. No. 
11/557,870, ñled Nov. 8, 2006, Ser. No. 11/557,882 ñledNov. 
8, 2006, and Ser. No. 11/558,088, ñled Nov. 9, 2006, each 
entitled “Systems and Methods to Monitor and Treat Heart 
Failure Conditions”, of Panescu et al. Each of the foregoing 
applications is fully incorporated by reference herein, includ 
ing the appendices thereof. This application claims priority 
on U.S. patent application Ser. No. 11/558, 101, ñled Nov. 9, 
2006, as a Continuation-in-Part (CIP) thereof. 

FIELD OF THE INVENTION 

The invention relates generally to implantable medical 
devices such as pacemakers and implantable cardioverter 
defibrillators (ICDs) and in particular to techniques for con 
trolling pacing therapy applied to the heart, such as cardiac 
resynchronization therapy (CRT) applied to alleviate heart 
failure and related conditions. 

BACKGROUND OF THE INVENTION 

Heart failure is a debilitating disease in Which abnormal 
function of the heart leads to inadequate blood flow to fulñll 
the needs of the tissues and organs of the body. Typically, the 
heart loses propulsive poWerbecause the cardiac muscle loses 
capacity to stretch and contract. Often, the ventricles do not 
adequately fill With blood betWeen heartbeats and the valves 
regulating blood flow become leaky, alloWing regurgitation 
or back-flow of blood. The impairment of arterial circulation 
deprives vital organs of oxygen and nutrients. Fatigue, Weak 
ness andthe inability to carry out daily tasks may result. Not 
all heart failure patients suffer debilitating symptoms imme 
diately. Some may live actively for years.Yet, With feW excep 
tions, the disease is relentlessly progressive. As heart failure 
progresses, it tends to become increasingly difficult to man 
age. Even the compensatory responses it triggers in the body 
may themselves eventually complicate the clinical prognosis. 
For example, When the heart attempts to compensate for 
reduced cardiac output, it adds cardiac muscle causing the 
ventricles to groW in volume in an attempt to pump more 
blood With each heartbeat, i.e. to increase the stroke volume. 
This places a still higher demand on the heart’s oxygen sup 
ply. If the oxygen supply falls short ofthe groWing demand, as 
it often does, further injury to the heart may result, typically in 
the form of myocardial ischemia or myocardial infarction. 
The additional muscle mass may also stiffen the heart Walls to 
hamper rather than assist in providing cardiac output. A par 
ticularly severe form of heart failure is congestive heart fail 
ure (CHF) Wherein the Weak pumping of the heart leads to 
build-up of fluids in the lungs and other organs and tissues. 
One particular technique for addressing heart failure is 

CRT, Which seeks to normalize asynchronous cardiac electri 
cal activation andthe resultant asynchronous contractions by 
delivering synchronized pacing stimulus to the ventricles 
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2 
using pacemakers or ICDs equipped With biventricular pac 
ing capability. The pacing stimulus is typically synchronized 
so as to help to improve overall cardiac function. This may 
have the additional beneficial effect of reducing the suscep 
tibility to life-threatening tachyarrhythmias. With CRT, pac 
ing pulses are selectively delivered to the left and right ven 
tricles in an attempt to ensure that the ventricles contract more 
uniformly. CRT may also be employed for patients Whose 
nerve conduction pathways are corrupted due, e.g., to right 
bundle branch block or due to other problems such as the 
development of scar tissue Within the myocardium folloWing 
a myocardial infarction. CRT and related therapies are dis 
cussed in, for example, U.S. Pat. No. 6,643,546 to Mathis, et 
al., entitled “Multi-Electrode Apparatus And Method For 
Treatment Of Congestive Heart Failure”, U.S. Pat. No. 6,628, 
988 to Kramer, et al., entitled “Apparatus And Method For 
Reversal Of Myocardial Remodeling With Electrical Stimu 
lation”, and U.S. Pat. No. 6,512,952 to Stahmann, et al., 
entitled “Method And Apparatus For Maintaining Synchro 
nized Pacing”. 

Although CRT and related techniques have been found to 
be effective in mitigating problems arising due to heart failure 
or other conditions, considerable room for improvement 
remains. Typically, CRT is performed so as to improve some 
measure of cardiac performance such as cardiac output or 
stroke volume. Ideally, the CRT parameters Would be 
adjusted in real-time so as to respond automatically to 
changes in cardiac performance. This however Would typi 
cally require that cardiac performance be continuously evalu 
ated, Which is impractical. Accordingly, it Would be desirable 
to provide more eñicient techniques for automatically adjust 
ing CRT pacing parameters or other pacing therapy param 
eters. It is to that end that the invention is primarily directed. 

SUMMARY OF THE INVENTION 

In accordance With an exemplary embodiment, a method is 
provided for controlling therapy provided by an implantable 
cardiac stimulation device based on cardiogenic impedance. 
The method comprises detecting a cardiogenic impedance 
signal (ZC) and adjusting therapy provided by the device 
based on the cardiogenic impedance signal (ZC). A cardio 
genic impedance signal (or intracardiac impedance signal) is 
an impedance signal representative of the beating of the heart 
ofthe patient in Which the device is implanted. Typically, the 
cardiogenic impedance signal is sensed along a sensing vec 
tor passing through at least a portion of the heart so that the 
sensed impedance is affected by the mechanical beating ofthe 
heart along that sensing vector. Multiple cardiogenic imped 
ance signals may be sensed using different sensing vectors 
each passing through different portions ofthe heart so as to be 
representative of the beating of different chambers of the 
heart or different portions of the myocardium. Typically, the 
therapy to be adjusted is pacing therapy. For example, pacing 
timing parameters such as the atrioventricular (AV) delay and 
the inter-ventricular (LV-RV) delay may be adjusted, Wherein 
LV refers to the left ventricle and RV refers to the right 
ventricle. Within systems equipped to provide pacing at dif 
ferent locations Within the same chamber, intra-ventricular 
(LV1-LV2) or intra-atrial (LAl-LAZ) delay values may addi 
tionally or alternatively be adjusted. Preferably, the adjust 
ments are adaptive, i.e. the adjustments are performed in a 
closed-loop so as to adapt the adjustments to changes in the 
cardiogenic impedance signal so as to optimize therapy. 
By adjusting pacing parameters based on one or more 

cardiogenic impedance signals, the parameters can be 
promptly adjusted to immediately respond to changes Within 



US 8,712,519 Bl 
3 

the heart, such as any deterioration in mechanical synchrony 
arising due to CHF, conduction defects or other ailments such 
as myocardial infarction or acute cardiac ischemia. More 
over, by adaptively adjusting the pacing parameters based on 
cardio genic impedance, the direction and/ or magnitude ofthe 
adjustments need not be pre-deterrnined. That is, it need not 
be known in advance whether a particular pacing parameter 
should be increased or decreased in response to a deteriora 
tion in inter-ventricular mechanical synchrony. Adaptive 
adjustment allows the direction and magnitude of any adjust 
ments to the pacing parameters to be automatically opti 
mized. Thus, if an initial increase in a particular pacing 
parameter causes a further deterioration in mechanical syn 
chrony, the pacing parameter may then be automatically 
decreased in an attempt to improve synchrony. If neither an 
increase nor a decrease in a particular pacing parameter sig 
niñcantly affects mechanical synchrony, then a different pac 
ing parameter may be selected for adaptive adjustment. 

In an illustrative embodiment, the device analyzes the car 
diogenic impedance signal to derive some measure of cardiac 
function, such as a measure of intra-ventricular or inter-ven 
tricular mechanical dyssynchrony, and adaptively adjusts one 
or more pacing timing parameters so as to improve cardiac 
function. In one particular implementation, the device ana 
lyzes the cardiogenic impedance signal to derive a fraction 
ation index representative ofthe degree of fractionation ofthe 
cardiogenic impedance signal. Pacing parameters are adap 
tively adjusted so as to decrease the degree of fractionation. 
The fractionation index may be derived, e.g., by simply 
counting a number of “notches” or “troughs” appearing 
within those portions of the impedance signal that are repre 
sentative of individual heartbeats. The notches often corre 
spond to periods of time when chambers of the heart are not 
beating uniformly, i.e. the greater the number of notches, the 
greater the degree of mechanical dyssynchrony. Alterna 
tively, the fractionation index may be derived by determining 
the frequencies associated with the cardiogenic impedance 
signal. The greater the number of notches and troughs within 
the cardiogenic impedance signal, the higher the frequencies 
ofthe signal, and the greater the mechanical dyssynchrony. In 
either case, adaptively adjusting pacing parameters so as to 
decrease the fractionation index also serves to improve 
mechanical synchrony within the heart. Thus, a computation 
ally simple procedure for optimizing pacing parameters to 
improve mechanical synchrony is provided, which does not 
require the device to directly evaluate cardiac output or stroke 
volume or other cardiac performance parameters adversely 
affected by mechanical dyssynchrony. Preferably, adjust 
ments to the pacing parameters are made substantially in 
real-time. Lossy or lossless data compression techniques may 
be employed to minimize the amount of actual cardiogenic 
impedance data that needs to be stored and processed at any 
given time. Trends in cardiac function within the patient may 
also be identified and tracked to detect, for example, progres 
sion of CHF as evidenced by an increasing fractionation of 
the cardio genic impedance signal. Appropriate warnings may 
be generated for the patient, the physician, or both. 

The adaptive adjustment of pacing therapy using cardio 
genic impedance signals may be performed in conjunction 
with one or more intracardiac electrogram (IEGM) signals. 
For example, a measure of electrical dyssynchrony may be 
derived from the IEGM signals while a measure of mechani 
cal dyssynchrony is derived from the cardio genic impedance 
signals, permitting both to be used in adjusting the pacing 
parameters. Still further, if the implanted device is equipped 
with a sensor to directly measure cardiac pressure (e.g., left 
atrial pressure (LAP) or LV end diastolic (LVEND) pressure), 
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4 
such pressure measurements may be used in conjunction with 
the cardiogenic impedance signals to adjust pacing param 
eters so as to reduce cardiac pressure while also reducing 
mechanical dyssynchrony. In some implementations, the pac 
ing parameters are adaptively adjusted only when the patient 
is in a certain predetermined states as determined by activity 
sensor, posture detectors, etc. In one particular example, 
adaptive adjustment is only performed if the patient is at rest 
and in a supine posture. Adaptive adjustment may be still 
further limited to times when the blood oxygen saturation 
(S02) level ofthe patient is within a certain acceptable range. 
In implementations where multiple cardiogenic impedance 
signals are sensed along different sensing vectors, the 
implanted system may be equipped, e.g., with multiple elec 
trodes per lead or with multiple leads per chamber. When 
using multiple electrodes on a given lead, it may be desirable 
to employ a helical lead configuration wherein proximal por 
tions ofthe lead have a greater diameter than distal portions, 
so as to more readily accommodate the multiple electrodes. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Further features and advantages of the invention may be 
more readily understood by reference to the following 
description taken in conjunction with the accompanying 
drawings, in which: 

FIG. 1 is a stylized representation of an exemplary implant 
able medical system equipped with cardiogenic impedance 
based adaptive CRT control; 

FIG. 2 is a flow diagram providing an overview of cardio 
genic impedance-based adaptive therapy control techniques 
that may be performed by the system of FIG. 1; 

FIG. 3 is a flow diagram illustrating exemplary techniques 
for detecting cardiogenic impedance in accordance with the 
general technique of FIG. 2; 

FIG. 4 is a flow diagram illustrating exemplary techniques 
for deriving a measure of cardiac function in accordance with 
the general technique of FIG. 2; 

FIG. 5 is a flow diagram illustrating exemplary techniques 
for adaptively adjusting therapy based on the measure of 
cardiac function in accordance with the general technique of 
FIG. 2; 

FIG. 6 is a flow diagram illustrating exemplary closed-loop 
technique for adaptively adjusting pacing timing parameters 
in accordance with the technique of FIG. 2 wherein the 
adjustments are performed based on fractionation of the car 
diogenic impedance signal; 

FIG. 7 is a graph illustrating exemplary cardiogenic imped 
ance signals that may be processed in accordance with the 
technique of FIG. 6, and particularly illustrating the fraction 
ation of the cardiogenic impedance signal exhibited during 
heart failure; 

FIG. 8 is a stylized graph illustrating exemplary trends in a 
fractionation index derived from cardio genic impedance sig 
nals that may be processed in accordance with the technique 
of FIG. 6, and particularly illustrating corresponding adjust 
ments to LV-RV pacing delays; 

FIG. 9 is a flow diagram illustrating an exemplary dZC/ dt 
based adjustment technique that may be performed in accor 
dance with the general technique of FIG. 2; 

FIG. 10 is a flow diagram illustrating another exemplary 
dZC/dt-based adjustment technique that may be performed in 
accordance with the general technique of FIG. 2; 

FIG. 11 is a flow diagram illustrating an exemplary tech 
nique fro triggering an alarm that may be performed in accor 
dance with the general technique of FIG. 2; 
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FIG. 12 is a simplified, partly cutaway view, illustrating the 
pacer/ ICD of FIG. 1 along with at full set of leads implanted 
in the heart ofthe patient, which may be employed to perform 
cardiogenic impedance-based adaptive CRT control; 

FIG. 13 a functional block diagram of the pacer/ICD of 
FIG. 12, illustrating basic circuit elements that provide car 
dioversion, defibrillation and/or pacing stimulation in the 
heart and particularly illustrating components for controlling 
CRT based on cardiogenic impedance; 

FIG. 14 illustrates alternative, exemplary lead designed 
that may be used in conjunction with the pacer/ ICD of FIGS. 
12 and 13; and 

FIG. 15 illustrates a technique for selecting optimal pacing 
sites for CRT based on cardiogenic impedance. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The following description includes the best mode presently 
contemplated for practicing the invention. The description is 
not to be taken in a limiting sense but is made merely for the 
purpose of describing the general principles of the invention. 
The scope of the invention should be ascertained with refer 
ence to the issued claims. In the description of the invention 
that follows, like numerals or reference designators will be 
used to refer to like parts or elements throughout. 
Overview of Implantable Medical System 

FIG. 1 provides a styliZed representation of an exemplary 
implantable synaptic pacing medical system 8 capable of 
detecting cardiogenic impedance signals and adaptively 
adjusting therapy in response thereto, particularly CRT. To 
this end, implantable system 8 includes a pacer/ICD 10 or 
other cardiac stimulation device that incorporates internal 
components (shown individually in FIG. 13) for detecting 
one or more cardiogenic impedance signals using electrodes 
mounted to a set of sensing/pacing leads 12 and for adaptively 
adjusting pacing therapy delivered using those leads based on 
the cardiogenic impedance signals and other signals. In FIG. 
1, only two leads are shown. A more complete set of leads is 
illustrated in FIG. 12, which is discussed below. Within the 
exemplary implementations described herein, pacing therapy 
is adjusted by adaptively adjusting pacing timing parameters, 
such as the AV delay and the LV-RV delay, so as to improve 
some measure of cardiac function derived from the cardio 
genic impedance signals. For dual-chamber devices, the AV 
delay specifies the time delay between a paced or sensed atrial 
event and a paced ventricular event. For biventricular pacing 
devices, the LV-RV delay (sometimes also referred to as just 
the V-V delay) specifies the time delay between a paced or 
sensed right ventricular (RV) event and a paced left ventricu 
lar (LV) event. (This delay may be negative.) The measure of 
cardiac function may be, e.g., a measure of mechanical dys 
synchrony between the left and right ventricles (i.e. an inter 
ventricular mechanical dyssynchrony) or a measure of 
mechanical dyssynchrony occurring within a particular heart 
chamber (i.e. an intra-ventricular mechanical dyssynchrony 
or an intra-atrial mechanical dyssynchrony.) As will be 
explained, other measures of cardiac function may addition 
ally or alternatively be employed, such as measures based on 
LAP or LV END pressure or other factors. Preferably, the adap 
tive adjustments are performed substantially in real -time so as 
to maintain the pacing timing parameters at or near optimal 
values at all times. 

In this regard, normal, healthy hearts display a monotoni 
cally increasing relation between LV END pres sure and cardiac 
output. However, in heart failure patients, this relation is 
compromised. That is, the cardiac output curve varies little 
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6 
over a wide range of pressure values. Consequently, the pacer/ 
ICD is programmed to control cardiac pressure, rather than 
cardiac output, by appropriately adjusting biventricular pac 
ing therapy, such as CRT. With CRT, the pacer/ICD paces 
both ventricles of the heart based on predetermined timing 
sequences. Typically, the right atrium is paced first. Then, 
after a set AV delay, the device paces the left ventricle. To 
allow for the delayed LV contraction caused by heart failure, 
the RV is usually paced last, after a set LV-RV delay. The 
pacer/ICD adjusts either one or both of the AV and LV-RV 
delays such that LAP or LVEND pressure are brought into 
normal ranges. One premise underlying this approach is 
based on the knowledge that lower pressures promote heart 
remodeling that, in time, tend to reduce the enlargement of 
ventricles and atria. As the heart dimension trends back to 
normal values, the strength of the cardiac muscle increases, 
resulting in increased cardiac output. Rather than using pres 
sure as the direct control feedback parameter, the pacer/ ICD 
uses cardiogenic impedance to regulate therapy with the goal 
of reducing blood pressure levels. As an illustrative example, 
the cardiogenic impedance recorded between electrodes in 
the LV and RA is used to estimate changes in LAP. As the 
impedance morphology becomes more fractioned and 
notches and troughs therein become more frequent, that indi 
cates an increased level of LAP or LVEND pressure. (Fraction 
ation of the cardiogenic impedance signal is described more 
fully below, along with the notches and troughs appearing 
herein.) Conversely, as the LV-RA cardiogenic impedance 
resolves back from the fractionated morphology to normal 
morphology, that indicates that LAP or LVEND pressure 
decreases towards normal values. As will be explained, this 
can be achieved using any of a number of techniques. For 
example, the peaks or troughs seen in the impedance mor 
phology can be counted by a counter inside pacer/ICD. When 
the frequency of their occurrence is high, the AV or LV-RV 
timing can be adjusted from a set value (determined, for 
example, at implant time) to lower or higher values, with the 
goal of decreasing the feature occurrence frequency. The 
timing adjustment can be first tried in one direction, for 
example from original AV or LV-RV timing delays to higher 
values. If this adjustment results in a decreased frequency of 
occurrence for the peaks and troughs, then the adjustment is 
continued in this direction until the LV-RA impedance wave 
form trends close to normal morphologies. Otherwise, the 
direction of the timing delay adjustment is reversed and val 
ues are decremented from initial settings to lower numbers. 
Alternatively, other impedance characteristics, or other vec 
tors from a multi-vector network, that correlate with LAP and 
LVEND pressure, such as peak-to-peak amplitudes, can be 
used to adjust the A-V and LV-RV timing. 

Additionally, the pacer/ICD can track trends in cardiac 
function, such as a trend toward increasing mechanical dys 
synchrony, and issues warning signals, if warranted. For 
example, if mechanical dyssynchrony exceeds an acceptable 
threshold, warning signals are generated to warn the patient, 
using either an internal warning device 14 or an extemal 
bedside monitor 16. Intemal waming device 14 may be a 
vibrating device or a “tickle” voltage device that, in either 
case, provides perceptible stimulation to the patient to alert 
the patient so that the patient may consult a physician. In one 
example, once the tickle warning is felt, the patient positions 
an external warning device above his or her chest. The hand 
held device receives short-range telemetry signals from the 
implanted device and provides audible or visual verification 
of the waming signal. The handheld waming device thereby 
provides confirmation ofthe warning to the patient, who may 
be otherwise uncertain as to the reason for the internally 
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generated warning signal. For further information regarding 
this warning/notification technique, see U.S. patent applica 
tion Ser. No. 11/043,612, of Kil et al., filed Jan. 25, 2005, 
entitled “System and Method for Distinguishing Among 
lschemia, Hypoglycemia and Hyperglycemia Using an 
lmplantable Medical Device.” 

lf a bedside monitor is provided, the bedside monitor pro 
vides audible or visual alarm signals to alert the patient as 
well as textual or graphic displays. ln addition, diagnostic 
information pertaining to the deteriorating cardiac condition 
is transferred to the bedside monitor or is stored within the 
pacer/lCD for subsequent transmission to an external pro 
grammer (not shown in FIG. 1) for review by a physician or 
other medial professional. The physician may then prescribe 
any other appropriate therapies to address the condition. The 
physician may also adjust the operation of the pacer/lCD to 
activate, deactivate or otherwise control any therapies that are 
automatically applied. The bedside monitor may be directly 
networked with a centraliZed computing system, such as the 
HouseCallTM system of St. Jude Medical, for immediately 
notifying the physician of any significant deterioration in 
cardiac function. Networking techniques for use with 
implantable medical systems are set forth, for example, in 
U.S. Pat. No. 6,249,705 to Snell, entitled “Distributed Net 
work System for Use with lmplantable Medical Devices”. 

ln addition to the adaptive adjustment of the pacing param 
eters, other forms of therapy may also be controlled by the 
pacer/ 1CD in response to changes in the cardiac function. ln 
this regard, if the implanted system is equipped with a drug 
pump, appropriate medications may be automatically admin 
istered upon detection of a significant deterioration in cardiac 
function. For example, heart failure medications may be 
delivered directly to the patient via the drug pump, if war 
ranted. Exemplary heart failure medications include ACE 
inhibitors, diuretics, digitalis and compounds such as capto 
pril, enalapril, lisinopril and quinapril. Depending upon the 
particular medication, alternative compounds may be 
required for use in connection with an implantable drug 
pump. Routine experimentation may be employed to identify 
medications for treatment of heart failure or other conditions 
that are safe and effective for use in connection with an 
implantable drug pump. Dosages may be titrated based upon 
the severity of heart failure. Various techniques may be 
employed to confirm the detection of heart failure (or other 
medical conditions) made by the device based on the analysis 
of the cardiogenic impedance signals before drug therapy is 
delivered. Exemplary heart failure detection/ evaluation tech 
niques are set forth in: U.S. Pat. No. 6,748,261, entitled 
“lmplantable Cardiac Stimulation Device for and Method of 
Monitoring Progression or Regression of Heart Disease by 
Monitoring lnterchamber Conduction Delays”, U.S. Pat. No. 
6,741,885, entitled “lmplantable Cardiac Device for Manag 
ing the Progression of Heart Disease and Method”, U.S. Pat. 
No. 6,643,548, entitled “lmplantable Cardiac Stimulation 
Device for Monitoring Heart Sounds to Detect Progression 
and Regression of Heart Disease and Method Thereof”, U.S. 
Pat. No. 6,572,557, entitled “System and Method for Moni 
toring Progression of Cardiac Disease State using Physi 
ologic Sensors”, and U.S. Pat. No. 6,480,733, entitled 
“Method for Monitoring Heart Failure”, each assigned to 
Pacesetter, lnc. 

Hence, FIG. 1 provides an overview of an implantable 
system capable of adaptively controlling pacing therapy 
based on cardiogenic impedance signals, for delivering any 
appropriate warning/notification signals, and for delivering 
medications, when warranted. Embodiments may be imple 
mented that do not necessarily perform all of these functions. 
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For example, embodiments may be implemented that provide 
only for adaptive adjustment of pacing therapy but not for 
delivering warning signals. Moreover, systems provided in 
accordance with the invention need not include all of the 
components shown in FIG. 1. ln many cases, for example, the 
system will include only a pacer/ 1CD and its leads. lmplant 
able warning devices and drug pumps are not necessarily 
implanted. Some implementations may employ an external 
monitor for displaying warning signals without any internal 
warning device. These are just a few exemplary embodi 
ments. No attempt is made herein to describe all possible 
combinations of components that may be provided in accor 
dance with the general principles ofthe invention. ln addition, 
note that the particular locations ofthe implanted components 
shown in FIG. 1 are merely illustrative and may not neces 
sarily correspond to actual implant locations. Although inter 
nal signal transmission lines provided are illustrated in FIG. 1 
for interconnecting the various implanted components, wire 
less signal transmission may alternatively be employed. 
Overview of Adaptive Therapy Control Using Cardiogenic 
lmpedance 

FIG. 2 provides an overview of cardiogenic impedance 
based therapy control techniques that may be performed by 
the pacer/lCD of FIG. 1 or other implantable device. At step 
100, the pacer/lCD detects cardiogenic impedance (ZC). A 
cardiogenic impedance signal is an impedance signal repre 
sentative ofthe beating ofthe heart of the patient in which the 
device is implanted. The cardiogenic impedance signal is 
sensed along a sensing vector passing through at least a por 
tion ofthe heart so that the sensed impedance is affected by 
the mechanical beating ofthe heart along that sensing vector. 
For example, the cardiogenic impedance signal may be 
sensed between an LV tip electrode and an RV tip electrode or 
between the RV tip electrode and an RA tip electrode, where 
RA refers to the right atrium. Depending up on the particular 
sensing vector, it may be appropriate to filter the cardiogenic 
impedance signal to eliminate or reduce any non-cardiogenic 
components such as any components arising due to respira 
tion or changes in body position of posture. Bandpass filtering 
is typically sufiicient to filter out respiratory components. 
Multiple cardiogenic impedance signals may be sensed using 
different sensing vectors pas sing through different portions of 
the heart so as to be representative of the beating of different 
chambers of the heart or different portions of the myocar 
dium. To this end, the implanted system may be equipped, 
e.g., with multiple electrodes per lead or with multiple leads 
per chamber. Unipolar or bipolar sensing systems may be 
employed. 

Preferably, a tri-phasic impedance pulse waveform is 
employed to sense the cardiogenic impedance signal. The 
tri-phasic waveform is a frequency-rich, low energy wave 
form that provides a net-Zero charge and a net-Zero voltage. 
An exemplary tri-phasic pulse waveform is described in 
detail in the related patent applications, cited above. For con 
venience, a portion of that description will now be provided 
herein. The tri-phasic waveform possesses many special 
waveform features and electrical characteristics that are well 
suited for probing and measuring many types of physiologi 
cal parameters inthe body using current modulated or voltage 
modulated pulses. The waveform has negative phases (pulse 
segments below baseline) that balance positive phases (pulse 
segments above baseline). Other versions of the waveform 
may have more than three phases, may be synchronous or 
asynchronous, may be rectangular or sinusoidal, etc. One 
version ofthe waveform uses the sinc(x) sampling waveform. 
Typically, the tri-phasic waveform is applied as a current 
waveform with the resulting voltage being sensed. Alterna 




























